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Formation of Core-Type Macroscopic Morphologies in Cu-Fe
Base Alloys with Liquid Miscibility Gap
C.P. WANG, X.J. LIU, Y. TAKAKU, I. OHNUMA, R. KAINUMA, and K. ISHIDA
The effects of alloying elements on the macroscopic morphologies in Cu-Fe base alloys were experi-
mentally investigated. It was found that macroscopic homogeneity can be achieved by the addition
of Mn, Ni, Al, or Co in the Cu-Fe base alloys, while the core-type macroscopic morphologies with
Cu-rich or Fe-rich cores, which are radially separated as two layers in the inner and outer parts of
the ingot solidified in the cast-iron mold, were formed by the addition of C, Cr, Mo, Nb, Si, or V. It
is shown that the formation of the core-type macroscopic morphology is strongly connected with the
existence of a stable miscibility gap of the liquid phase in the Cu-Fe base alloy due to the addition
of alloying elements. The liquid phase with less volume fraction always forms the center part. This
result can be explained by a mechanism that the minor droplets as the second phase are forced to
move into the thermal center due to Marangoni motion, which is caused by the temperature dependence
of interfacial energy between two liquid phases.
I. INTRODUCTION
ONE of the main features of the phase diagram of the
Cu-Fe binary system[1] is that the metastable miscibility gap
of the liquid phase exists at higher temperatures,[2] as shown
by the dotted line in Figure 1. Considerable attention has
been paid to this feature, and the separated microstructure
of the Fe-rich and Cu-rich phases using rapid solidification
techniques and drop tube processing has been reported.[3–6]
Some studies have indicated that the appearance of a stable
miscibility gap of the liquid phase in Cu-Fe base alloy is
due to the addition of carbon.[7–10] It is known that a small
amount of residual Cu in steel scrap, which is difficult to
remove by the conventional steelmaking process, affects
the hot workability of the recycled steel. Yamaguchi and
Takeda[9] and Marukawa et al.[10] recently proposed a recy-
cling process for extracting Cu from the mixed iron-copper
scraps using the feature of this phase separation between the
Fe-rich and Cu-rich liquid phases in the Fe-Cu-C ternary
system.
The present authors recently reported the formation of
powders with an egg-type core microstructure in the hyper-
monotectic Cu-Fe base alloys by conventional gas atom-
ization.[11] It was also shown in that article that a core-type
microstructure is formed by the Marangoni effect[12–15] if the
temperature gradient from the surface to the center of the
powder is sufficiently large even under conditions of normal
gravity. This result suggests that a macroscopic core-type
structure can be obtained in some ingots by conventional
casting and that composite materials can be expected to be
easily fabricated in hypermonotectic alloys. Composite mater-
ials composed of a Cu-rich phase with high electrical conduc-
tivity and an Fe-rich phase with high strength have an obvious
advantage in terms of various properties. The preparation of
such composite materials, however, is not easy by the con-
ventional process because of the poor wetting between Cu
and Fe[16] and the high cost for fabrication.
The purpose of the present article is to investigate the
effect of alloying elements on the miscibility gap of the liq-
uid phase and the macroscopic morphology in Cu-Fe base
alloys and to examine the formation of macroscopic core-type
structures in the Cu-Fe base alloys on the basis of the con-
ventional casting process.
II. EXPERIMENTAL PROCEDURE
Cu-Fe base alloys of about 350 g/ingot were prepared
in alumina crucibles by melting electrolytic copper
(99.99 wt pct), iron (99.99 wt pct), and X (Al, C, Cr, Co,
Mn, Mo, Nb, Ni, Si, V) with a purity of 99.9 pct or higher
in a high frequency induction furnace under an argon atmos-
phere by the following processes. The molten alloys were
heated to about 2070  50 K in the crucible, which is over
the liquidus temperature of the Cu-Fe base alloys, to ensure
sufficient mixing of all components. After being held for
about 10 minutes for homogenization, the molten alloys were
then cast into a cylindrical cast-iron mold, as shown in Fig-
ure 2. The variation of temperature with time at the center
and mold wall parts in the ingot during solidification of some
alloys was measured by two thermocouples, and the tempera-
ture gradient in an ingot was evaluated (details are provided
in Appendix I).
Macroscopic morphologies and microstructures of the
ingots were observed by camera and optical microscopy,
respectively. Samples for examination of macroscopic mor-
phologies and microstructures were etched using a solution
(FeCl3 : HCl : H2O  10 g : 25 mL : 100 mL).
III. EXPERIMENTAL RESULTS
A. Macroscopic Morphologies
Four types of typical macroscopic morphology were
observed in the ingots of Cu-Fe-X alloys solidified in the
cylindrical cast-iron mold. Figure 3(a) shows a homogeneous
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Fig. 1—Fe-Cu phase diagram reviewed by Okamoto.[1] ----- Calculated
meta-stable miscibility gap of the liquid phase.[2]
Fig. 2—Schematic illustration of casting.
separated as two layers in the inner and outer parts of the
ingot, respectively.
Figure 4 shows the microstructures of specimens with non-
core and Cu-core, which correspond to Figures 3(a) and (c),
respectively. The non-core specimen shown in Figure 4(a)
has a homogeneously mixed microstructure in the Cu-rich
phase and Fe-rich phase. However, the regular core-type
macroscopic morphologies show an obvious interface between
the Fe-rich and Cu-rich phases, and the darkish dendrites of
the Fe-rich phase are embedded in the light Cu-rich phase.
The similar separated microstructure shown in Figure 4(b)
was also observed in the irregular-core type (Figure 3(b)).
B. Effect of Gravity and Interfacial Energy
on the Core-Type Macroscopic Morphologies
For the core-type alloys, not only gravity segregation but
also Marangoni motion play a remarkable role in the macro-
scopic morphology of casting alloys. In the case of the slower
cooling rate, for example, when the molten alloy is directly
cooled in the alumina crucible, the macroscopic morphology
depends mainly on the gravity effect, e.g., the heavier Cu-
rich phase sinks to the bottom, and the two-phase alloy is sep-
arated into the top layer of the Fe-rich phase and the bottom
layer of the Cu-rich phase due to the different densities
between the Fe-rich and Cu-rich phases.[9,10] However, in the
case of a relatively faster cooling rate, e.g., the molten alloy
is cast into a cast-iron mold, the macroscopic morphology
depends on not only the densities of the liquid phases, but
also on the interfacial energies of the two liquid phases, as
discussed in Section IV. Figure 5(a) shows the appearance
of the vertical section of macroscopic morphologies with the
Cu-core and Fe-periphery of the 48Cu-48Fe-4V (wt pct) alloy
ingots in a cylindrical cast-iron mold. The diameter of the
Cu-core gradually decreases from the bottom to the top of the
ingot, whereas that of the Fe-rich core in the 70Cu-26Fe-4V
(wt pct) alloy increases, as shown in Figure 5(b). These results
indicate that the Cu-rich phase with higher density has a ten-
dency to sink to the bottom due to the effect of gravity.
Figure 6 shows an enlarged micrograph of the microstruc-
ture in the vicinity of the interface between the Fe-rich and
the Cu-rich region in the 70Cu-26Fe-4V (wt pct) alloy. It can
be seen that while the smaller-sized Fe-rich droplets are dis-
persed in the outer circumferential zone of the Fe-core, the
larger-sized droplets are located in the region close to the
interface. It is interesting to note that some large droplets
are just unified with the Fe-core. This result suggests that
the macroscopic core structure is formed by the migration
of the droplets to the center direction, which is the same as
the formation of powder with a core microstructure.[11]
These facts indicate that the macroscopic morphology for
casting alloys is determined by both Marangoni motion and
gravity effect. During solidification, in the case of the faster
cooling rate, the sedimentation of the heavier Cu-rich phase
caused by gravity is noticeably compensated, at least to a
considerable extent, by a strong force acting on the center
of the cylindrical sample.
C. Effect of Alloy Composition
The macroscopic morphology of Cu-Fe-X alloys depends
mainly on the type and amount of additional elements. The
morphology (termed non-core in this article) in a cross sec-
tion of the 49.5Cu-49.5Fe-1V (wt pct) alloy. An irregular
core-type macroscopic morphology (termed irregular-core),
in which it is difficult to distinguish that the core is the Cu-
rich phase or the Fe-rich phase, was sometimes observed, as
shown in Figure 3(b). Regular core-type macroscopic mor-
phologies with the Fe-rich phase as the core (termed Fe-core)
or with the Cu-rich phase as the core (termed Cu-core) were
obtained. Typical Cu-core and Fe-core macroscopic mor-
phologies in a cross section of the 48Cu-48Fe-4V (wt pct)
and 70Cu-26Fe-4V (wt pct) alloys are shown in Figures 3(c)
and (d), where the Fe-rich and Cu-rich phases are radially
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(c) (d)
Fig. 3—Appearance of a cross section of the ingots for (a) 49.5Cu-49.5Fe-1V (wt pct), (b) 52Cu-44Fe-4V (wt pct), (c) 48Cu-48Fe-4V (wt pct), and
(d) 70Cu-26Fe-4V (wt pct) alloys solidified in a cast-iron mold.
(a) (b)
(a)
Fig. 4—Typical microscopic morphology of the non-core and core ingots: (a) Non-core type of the 49.5Cu-49.5Fe-1V (wt pct) and (b) Cu-core type for
the 48Cu-48Fe-4V (wt pct) alloys.
(b)
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effect of alloying elements on the macroscopic morphology
in the Cu-Fe base alloys is summarized in Table I. It is seen
that the core-type macroscopic morphology appears in the
cases in which a certain amount of C, Cr, Mo, Nb, Si, or V
was added. In particular, the addition of a very small amount
of C results in the formation of the core-type macroscopic
morphology. On the other hand, the non-core macroscopic
structure is formed by the addition of Al, Co, Mn, or Ni.
An interesting phenomenon observed in the present experi-
ment is that the reversed morphology of the core and peri-
phery can be obtained in the Cu-Fe-X (X : C, Cr, Mo, Nb,
Si, V) system, as summarized in Table I. The kind of the
core phase depends mainly on the relative ratio between the
compositions of Fe and Cu when the amount of additional
elements is small. For example, the Cu-core structure was
formed in the alloy with relatively low Cu alloy, while the
Fe-core structure was observed in the alloy containing a high
level of Cu as shown in Figures 3(c) and (d), respectively.
It was found that the alloys with a high Fe composition
(Fe  X  52 wt pct) had Cu-core macroscopic morphologies,
but that those with a high Cu composition of Cu  60 wt pct
had reversed core (Fe-core) macroscopic morphologies. The
irregular-core macroscopic morphology as shown in Fig-
ure 3(b) was observed for the alloys between the above
two compositions.
The experimental results on the macroscopic morphologies
of the Cu-Fe base alloys with different compositions are
summarized in Table I.
IV. DISCUSSION
A. Effect of Liquid Miscibility Gap
In order to clarify the origin of the core-type macroscopic
morphology, the phase equilibria in the Cu-Fe-X system were
calculated using the CALPHAD method.[17,18,19] At first, the
effects of alloying elements on the stability of the miscibility
gap in the liquid phase were examined. Figure 7(a) shows
the calculated metastable and stable miscibility gaps of the
liquid phase in the (Fe-4X wt pct)-(Cu-4X wt pct), (X: Al,
C, Cr, Co, Mn, Mo, Nb, Ni, Si, V) quasi-binary system.
Figure 7(b) shows the difference of the critical temperature
of the miscibility gaps of the liquid phase between the 46Fe-
50Cu-4X (wt pct) alloys and the Fe-Cu alloy with 50 wt pct
Cu composition (Figure 1). It can be seen that the addition
of Cr, Mo, Nb, or V increases the critical temperatures of
the miscibility gap of the Fe-Cu binary system, while the
addition of Al, Co, Mn, or Ni decreases it. By calculation of
the stable phase equilibria including all phases, it was found
that due to the addition of a certain amount of alloying
Fig. 5—Appearance of a vertical section of the ingots for (a) 48Cu-48Fe-4V (wt pct) and (b) 70Cu-26Fe-4V (wt pct) alloys solidified in the cast-iron mold.
(a) (b)
Fig. 6—Typical example of the microstructure in the vicinity of interface
between the Fe-rich region and the Cu-rich region in the 70Cu-26Fe-4V
(wt pct) alloy solidified in the cast-iron mold.
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Table I. Macrostructure Morphology of the Ingot of the Cu-Fe Base Alloys Solidified in the Cylindrical 
Cast-Iron Mold and the Miscibility Gap in the Liquid Phase
Volume Fraction of the Fe-(L1) 
Macrostructure Miscibility Gap and Cu-Rich (L2) Liquid Phases
Alloy (Wt Pct) Morphology of the Ingot in Liquid Phase (V  VL2  VL1 (Pct))
50Cu-50Fe N-C metastable —
4049.5Cu-4049.5Fe-125Al N-C metastable —
4770Cu-849.5Fe-122Co N-C metastable —
4749.5Cu-4749.5Fe-16Mn N-C metastable —
4749.5Cu-4749.5Fe-16Ni N-C metastable —
4949.5Cu-4949.5Fe-12Cr N-C metastable —
4548Cu-46.448Fe-47.2Cr C-C stable (15 to 20)
6065Cu-27.834Fe-67.2Cr F-C 20
49.5Cu-49.5Fe-1Mo N-C metastable —
49Cu-49Fe-2Mo I-C stable 8
4847Cu-4847Fe-46Mo C-C 15
65Cu-27.5Fe-7.5Mo F-C 20
49.5Cu-49.5Fe-1Nb N-C metastable —
49Cu-49Fe-2Nb I-C stable 8
4847Cu-4847Fe-46Nb C-C 15
4949.5Cu-4949.5Fe-12Si N-C metastable —
4448Cu-4448Fe-412Si C-C stable (1520)
60Cu-34Fe-6Si F-C 25
4949.5Cu-4949.5Fe-12V N-C metastable —
4548Cu-4751Fe-46V C-C stable (1520)
52Cu-44Fe-4V I-C 6
70Cu-26Fe-4V F-C 40
49.849.9Cu-49.849.9Fe-0.20.4C I-C stable 8
60Cu-39.6Fe-0.4C F-C 20
69.9Cu-28Fe-2Mo-0.1C F-C stable 30
41.8Cu-50Fe-6Cr-2Mo-0.2C C-C stable 20
65Cu-26.8Fe-6Cr-2Mo-0.2C F-C 25
Note: N-C (non-core), I-C (irregular-core), C-C (Cu-core), and F-C (Fe-core).
(a) (b)
Fig. 7—(a) Calculated metastable and stable miscibility gaps of the liquid phase in the (Fe-4X)-(Cu-4X) (wt pct) quasi-binary systems, and (b) the differ-
ence of the critical temperature of the miscibility gaps of the liquid phase between the 50Cu-48Fe-4X (wt pct) alloys and the Cu-Fe binary alloy with about
50 wt pct Cu composition.
elements, a stable miscibility gap appears in the Cu-Fe-X (X:
C, Cr, Mo, Nb, Si, V) system, but not in the Cu-Fe-X (X:
Al, Co, Mn, Ni) system.
Second, the relationship between the macrostructure
morphology and miscibility gap was examined. Figure 8
shows the vertical section diagrams at 1 wt pct Cr and 4 wt
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The volume fractions of two liquid phases, Fe-rich (L1)and
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Fig. 8—Calculated vertical section diagram with (a) 1 wt pct Cr including the metastable miscibility gap of the liquid phase and (b) 4 wt pct Cr in the Cu-
Fe-Cr system. ----- Metastable miscibility gap of the liquid phase; —— Phase boundary.
pct Cr in the Cu-Fe-Cr system. As shown in Figure 8 and
Table I, the 49.5Cu-49.5Fe-1Cr (wt pct) alloy with a meta-
stable miscibility gap shows a homogenous non-core morpho-
logy, while the 48Cu-48Fe-4Cr (wt pct) alloy with a stable
gap forms a core structure. This fact can be explained as
follows. (1) For the 49.5Cu-49.5Fe-1Cr (wt pct) alloy, the
degree of undercooling was not large enough to make this
alloy enter the region of metastable miscibility gap of the
liquid phase, and thus, the -Fe primary crystals directly
grew in the liquid phase. Consequently, a homogeneous
macrostructure morphology was formed (Figure 3(a)). (2) For
the 48Cu-48Fe-4Cr (wt pct) alloy, where a stable miscibil-
ity gap appears, the liquid phase was separated into stable
Cu-rich and Fe-rich liquid phases, and then the liquid phase
with smaller volume fraction precipitated and formed the
Cu-core macrostructure (Figure 3(c)).
From the examination of the many alloys listed in Table I
and comparison with the calculated phase diagrams, it is
concluded that the formation of the core-type macroscopic
morphology is closely related to the stable miscibility gap
of the liquid phase in the Cu-Fe-X ternary system.
Figure 9 shows the stable and metastable miscibility
gaps of the liquid phase in the Cu-Fe-X (X: C, Cr, Mo,
Nb, Si, V) system at 1723 K, where the stable miscibility
gaps of the liquid phase exist in a wider composition
region. This means that the core-type macroscopic mor-
phology should also be formed in a wide range of
compositions.
B. Effect of Volume Fractions
As mentioned in Section III(C), the macroscopic morpho-
logy is related to the compositions of the alloy. However,
the morphology is completely related to the volume fraction
of two liquid phases rather than to the alloy composi-
tions.[11,20–22] In the present study, a detailed examination is
made on the basis of the thermodynamic calculation.
Fig. 9—Calculated miscibility gaps of the liquid phase in the Cu-Fe-X (C,
Cr, Mo, Nb, Si, V) ternary systems at 1723 K. ----- Metastable miscibility
gaps of the liquid phase; —— Stable miscibility gaps of the liquid phase.
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(a) (b)
Fig. 10—Calculated (a) vertical section diagram with equivalent volume fractions of the two liquid phases in the (Cu-4V wt pct)-(Fe-4V wt pct) quasi-
binary system, and (b) through (d) volume fractions of two liquid phases vs temperature in the different Cu-Fe-V ternary alloys.
where nL is the molar fraction of liquid phase, xi is the equi-
librium composition of the element i, and ML, Mi and 
L, i
are the atomic weight and density of liquid alloy and pure
element,[23] respectively. These parameters were evaluated
on the basis of the mole fractions and equilibrium compo-
sitions of the liquid phases obtained from the CALPHAD-
type calculation.
Figure 10(a) shows the calculated quasi-binary diagram of
the (Cu-4 wt pct V)-(Fe-4 wt pct V) system, where the equiv-
alent volume fraction of the two liquid phases is indicated by
a dotted line. Figures 10(b), (c), and (d) show the calculated
volume fractions of the two liquid phases in the 48Cu-48Fe-4V,
52Cu-44Fe-4V, and 70Cu-26Fe-4V (wt pct) alloys, respect-
ively. Comparing Figures 3 and 10, it can be seen that the
major liquid phase with a larger volume fraction is solidified
outside and that the minor liquid phase with a smaller one is
solidified as a core in the center of the ingot. Based on the
present experimental and calculated results, it is found that the
core macroscopic morphology can be obtained if the differ-
ence of the volume fraction of the two liquid phases is larger
than about 10 pct at the monotectic temperature. However, the
irregular-core macroscopic morphology shown in Figure 3(b)
was often obtained if it was smaller than about 10 pct.
It is shown in Figure 10(a) that the boundary of the equiva-
lent volume fraction of the two liquid phases exists in the
composition ranging from about 55 to 64 wt pct Cu. Thus, the
calculated volume fractions of two liquid phases for the Fe-(55
to 64)Cu-4V (wt pct) alloys cross over at a certain temperature.
(c) (d)
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Fig. 11—Interfacial energy and its differential between the two liquid
phases of the 70Cu-26Fe-4V (wt pct) alloy obtained by Eq. [6]. -----
Two metastable liquid phases; —— Two stable liquid phases.
Generally, in this case, the core-type macroscopic morphol-
ogy is determined by the difference of volume fraction of
two liquid phases at the monotectic reaction temperature
(1700 K).
C. Effect of Interfacial Energy and Gravity
As reported in the formation of egg-type powders with core
microstructure, the effects of interfacial energy due to Marangoni
motion and gravity should be taken into consideration.[11]
The velocity of the liquid droplet in a steady state due to
Marangoni motion[11–14] is given by
[5]
where r is the radius of the droplet, and 	d and 	m are the
viscosities of the droplet and matrix liquid phases, respectively.
The terms 
d and 
m are the thermal conductivities of the droplet
and matrix liquid phases, respectively. The 
L of the liquid
phase is given by 
L  xi
i with the thermal conductivity

i and the equilibrium composition xi of every constitutional
element i.[24,25] The term ∂/∂T is the interfacial energy gradient,
∂T/∂x is the temperature gradient, and x is the distance.[13,15]
The interfacial energy between the two liquid phases in the
Cu-Fe binary system has been approximated by following
Becker’s model,[11,20,26,27] which was expanded to the Cu-
Fe-X ternary system (the details are in Appendix II).
[6]
[7]
where N0 is Avogadro’s number, N* is the number of front
atoms per unit area of the interface, z is the coordination
number, z* is the number of cross bonds per front atom,
is the interaction energy between i and j atoms, and
or corresponds to the composition
difference of the tie-line in the miscibility gap of the liquid
phase.
The values of and or are easily
obtained from the thermodynamic calculation,[17,18,19] as
shown in Figure 10(a). However, it is difficult to estimate
the ij, which corresponds to the specific crystal planes. In





where , Vi and Vj are the molar volume of the i-j alloy and
the pure elements i and j,[29] respectivity, K((6 )1  2 
109 mol1/3) is a proportionality constant,[28] and and are
the alloy compositions of the i and j elements, respectively.
Thus, the interfacial energy  Cu/Fe in a ternary Cu-Fe-X
system can be estimated by Eq. [6]. Figure 11 shows the
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of the 70Cu-26Fe-4V (wt pct) alloy. The interfacial energy
increases considerably with decreasing temperature due to
the large temperature dependence of the composition of the
two liquid phases. This suggests that if there is a temperature
gradient in the droplet, an interfacial tension gradient should
also exist.[11]
On the other hand, the effect of gravity on the droplets
is described by Stokes equation:[15]
[10]
where g (9.8 m/s2) is the gravity coefficient, (d  m) is
the difference of density between the droplet and matrix
phases, and 	d and 	m are the viscosities of the droplet and
matrix phases, respectively.
As discussed in Appendix I, at the beginning of casting,
the temperature difference between the center and mold wall
of the ingot, where the distance between the center and wall
is 10 mm, is larger than 400 K, as shown in Figure I(a). Several
seconds after the start of casting, the temperature difference
between them is still over about 200 K. The Marangoni and
Stokes equations[15] used in the present calculation are avail-
able for the so-called ideal fluids and the concentration gra-
dient of droplets is not considered. To evaluate the migration
rate of the droplets for 70Cu-26Fe-4V (wt pct) alloy, ∂T/∂x 
30 K/mm and 10 K/mm for temperature gradients, and 1740 K
for the temperature at the center of a droplet, are used. The
values of 	d and 	m are estimated from the method devel-
oped by Seetharaman and Du.[30] The parameters used in
Eqs. [5], [9], and [10] are shown in Table II.
Figure 12(a) shows the results of the calculated vm and vs
for the alloy of 70Cu-26Fe-4V (wt pct), and ∂/∂T is eval-
uated, as shown in Figure 11. It is seen that at a given tem-
perature, vm is related to not only the gradient temperature
but also to the radius (r) of the droplets, and vs only increases
with the size of droplet because vs is in proportion to the
square radius of the droplet. In the case of a droplet with
r  200 	m, e.g., the migration rate at the temperature
gradient 30 K/mm is evaluated as about 110 mm/s. This result
vs 
2g (rd  rm)r
2
3mm
# md  mm
3md  2mm
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indicates that the large droplets shown in Figure 6 can migrate
toward the center of the ingot during cooling (Appendix I).
It should be noted that Eq. [10] is applicable for the steady-
state condition. In order to precisely simulate the motion of
the droplets, the accelerating stage before the steady state
should be taken into account. Further investigations includ-
ing this point are required.
In order to examine the relative effect of interfacial energy
and gravity, the calculated vm/vs for the alloy of 70Cu-
26Fe-4V (wt pct) at 1740 K is shown in Figure 12(b). It is
seen that vm/vs rapidly decreases with increasing radius of
the droplet. The effect of gravity is smaller when the tem-
perature gradient is larger, while the gravity has a domi-
nant effect on the droplet of the liquid phase when the
temperature gradient is smaller. As shown in Figure 12, for
the case of a smaller temperature gradient of 10 K/mm, it
is seen that the vm is larger than the vs when the radius is
smaller than about 430 	m, which means that the droplets
below this size are dominantly forced to move to the center
of the sample. All these results suggest that Marangoni
motion causes the droplets to rapidly migrate to the center
if the size of liquid droplets is small and the cooling rate is
high, and that the core-type macroscopic morphology is
formed during cooling solidification under gravity casting
conditions.
Based on the present results, the core-type macroscopic
morphology can be obtained in other alloy systems that have
a liquid miscibility gap. With the core-type macroscopic
morphology, it should be possible to develop new composite
and functional materials using a simple process.
V. CONCLUSIONS
1. The main effect of alloying elements on the macroscopic
morphology of the Cu-Fe base alloys was investigated. It
was shown that a homogeneous macroscopic morphology
is formed by the addition of Mn, Ni, Al, or Co, while a
core-type macroscopic morphology is formed by the addi-
tion of C, Cr, Mo, Nb, Si, or V in the Cu-Fe base alloys.
2. The formation of the core-type macroscopic morphology
is due to the stable miscibility gap in the liquid phase in
the Cu-Fe-X system. Interfacial energy between the two
liquid phases plays a key role in the formation of the core-
type macroscopic morphology. The droplets with a minor
liquid phase are forced to move into the center of the
ingot due to the difference in interfacial energy as a result
of the temperature gradient between the surface and center
during solidification.
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APPENDIX I 
Thermal analysis during solidification of ingots
The variation of temperature with time during casting at
both the center and mold wall parts of the ingot was meas-
ured using two Pt-13 pct RhPt thermocouples connected by
Table II. Assessed Data of Thermophysical Properties of the Liquid Phase in the 70Cu-26Fe-4V (Weight Percent) 
Alloy at 1740 K
70Cu-26Fe-4V Density () Viscosity (	) Thermal Conductivity (
)
(Wt Pct) Alloy (g/m3) (103 mPas) (w/m K)
Liquid phase Cu-rich 7.423 3.067 149.6
Fe-rich 6.863 6.523 65.0
(a)
(b)
Fig. 12—(a) Calculated vm and vs vs radius of the droplet for the 70Cu-
26Fe-4V (wt pct) alloy at 1740 K, and (b) vm/vs of the 70Cu-26Fe-4V (wt pct)
alloy at 1740 K with radius of the droplet and its relation indicated with a
natural logarithm.
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digital thermometers covered with pure tantalum foil in order
to obtain a good thermal sensitivity, as shown in Figure 2.
Data of the measured temperature were recorded by two
computers at intervals of 0.1 seconds and the response time
of the reading device was less than 2.5 ms.
The temperature changes of the center and mold wall parts
of the ingot of the 48Cu-48Fe-4V (wt pct) alloy during the
casting process are shown in Figure I(a). Before casting, the
temperature of the cast-iron mold was about 380 K and that
of the molten alloy was evaluated with an infrared radiation
thermometer as being about 2070  50 K.
According to the data from the thermocouple placed at
the mold wall, the moment at which the molten alloy reached
the position of the thermocouple at the mold wall in Fig-
ure 2 was about 0.8 seconds, as shown in Figure I(a). This
moment was considered as an initial time of postcasting in
the present study, as shown by the dotted line in Figure I(a).
Although the highest temperature at the center of molten
alloy was recorded as about 1970 K, the digital thermome-
ters used in the present experiment are valid only below
1970 K and several data with arrows indicate temperatures
higher than 1970 K. In addition, it is seen that there are
two plateaus in the profile of the center part, which may
correspond to the two invariant reactions, L1 : L2  bcc
(Fe) and L2 : fcc (Cu), accompanied by latent heat at about
1370 K and 1700 to 1800 K, respectively. This result is
roughly in agreement with the calculated phase diagram
shown in Figure 10(a), which means that the experimental
data have a high reliability. On the basis of the comparison
with the analytical results of thermal conductivity,[31] the
profile shape in the beginning state was deduced, as shown
by the dotted line in Figure I(a).
It is seen that there is a large difference of temperature
between the center and mold wall parts of the ingot over
400 K at the start of casting. Even after several seconds, the
temperature difference between them is still about 200 K.
Since the temperature distribution from center to mold wall
is described by the error function-type relation,[31] the tem-
perature gradient is a function of the distance from the center.
Assuming a linear relation, the temperature gradient is con-
sidered to be about 20 to 40 K/mm in the stable miscibility
gap of the liquid phase.
According to the temperature change at the center part,
the L1: bcc (Fe)  L2 monotectic reaction has already
started only about 1 seconds from the start of casting, as
shown in Figure I(a). This fact means that the time for the
migration of droplets is roughly on the order of 101 second.
Assuming a temperature gradient of ∂T/∂x  30 K/mm
and a migration time of 0.1 seconds, the migration distance
of a droplet with r  200 	m is evaluated as being about
11 mm, which is larger than the radius of the ingot.
APPENDIX II 
Calculation of interfacial energy between two coherent
phases
The simplest and earliest calculation of the interface
energy of a fully coherent interface between two phases 
and  was derived by Becker using the nearest neighbor
broken bond model.[22] The interface between phases  and
 is conceived as being formed by joining of the respec-
tive halves of phases  and . This means that the interfa-
cial energy can be approximately given by the following
equation:
[IIa-1]
where z* is the number of cross bonds per front atom, and
N* is the number of front atoms per unit area of the interface.
The terms  and  are the bond energies of interatomic
pairs in phases  and , respectively. The term  is the
energy of the bond across the / interface.
The interface energy between phases  and  in the A-B
binary system is approximated as follows:[26]
[IIa-2]
where N0 is Avogadro’s number, z is the coordination num-
ber, AB is the interaction energy between A and B atoms,
and corresponds to the difference of the compo-
sitions of the tie-line for phases  and .
In the present work, an attempt is made to extend it to a
multicomponent system, and the derivation in a A-B-C
ternary system is performed when the ternary interaction of
atoms is omitted. The average energy of bonds crossing the




























# AB(xbB  xaB)2
sa/b  z* N* [ab 
1
2
 (aa  bb)]
Fig. I(a)—Variation of temperature with time during solidification process
measured using two thermocouples placed in the central and mold wall
parts of the ingot in the cast-iron mold.
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and the averages of bond energies in the  and  phases are
approximated by
[IIa-4]
Then, the energy change due to the formation of a cross
bond is expressed by the next equation.
[IIa-5]
Thus, the interfacial energy between phases  and  in a
ternary system is expressed by
[IIa-6]
In the same way, the interfacial energy between phases  and




1. H. Okamoto: Phase Diagram of Binary Iron Alloys, ASM INTER-
NATIONAL, Materials Park, OH, 1993, pp. 131-37.





































































 (xaA  x
b







 (aa  bb)  [AB 
1
2
























 aa  AA(xaA)2  BB(xaB)2  CC(xaC)2  2AB xaA xaB
3. Y. Nakagawa: Acta Metall., 1958, vol. 6, pp. 704-11.
4. G. Wilde, R. Willnecker, R.N. Singh, and F. Sommer: Z. Metallkd.,
1997, vol. 88 (10), pp. 804-09.
5. S. Amara, A. Belhadj, R. Kesri, and S.H. Thibault: Z. Metallkd., 1999,
vol. 90 (2), pp. 116-23.
6. X.Y. Lu, C.D. Cao, and B. Wei: Mater. Sci. Eng., 2001, A313,
pp. 198-206.
7. K. Iwase, S. Okamoto, A. Adachi, and I. Suzuki: J. Jpn. Inst. Met.,
1938, vol. 2, pp. 419-31.
8. T. Tanaka, K. Marukawa, S. Hara, K. Kinoi, and Z. Morita: Proc.
3rd Int. Conf. on Ecomaterials, Ecomaterials, Forum. Sep. 10-12, 1997,
Tsukuba, Japan, 1997, pp. 10-12.
9. K. Yamaguchi and Y. Takeda: J. Min. Mater. Processing Inst. Jpn.,
1997, vol. 113 (12), pp. 1110-14.
10. K. Marukawa, T. Tanaka, T. Tagawa, and S. Hara: Proc. 4th Int. Conf.
Ecomaterials, Nov. 10-12, 1999, Gifu, Japan.
11. C.P. Wang, X.J. Liu, I. Ohnuma, R. Kainuma, and K. Ishida: Science,
2002, vol. 297, pp. 990-93.
12. C. Marangoni: Ann. Phys. Chemie, 1871, vol. 143, pp. 337-54.
13. N.O. Young, J.S. Goldstein, and M.J. Block: J. Fluid Mech., 1959,
vol. 6, pp. 350-56.
14. B. Prinz and A. Romero: J. Mater. Sci., 1995, vol. 30, pp. 4715-19.
15. L. Ratke and P.W. Voorhees: Growth and Coarsening, Springer-Verlag,
New York, NY, 2002, pp. 239-49.
16. M.L. Santella and A.B. Patterson: Mater. Sci. Eng., 1998, vol. 258A,
pp. 270-75.
17. C.P. Wang, X.J. Liu, I. Ohnuma, R. Kainuma, and K. Ishida: Z. Met-
allkd., 1998, vol. 12, pp. 828-35.
18. C.P. Wang, X.J. Liu, I. Ohnuma, R. Kainuma, and K. Ishida: J. Phase
Equilibrium, 2000, vol. 21 (1), pp. 54-62.
19. C.P. Wang, X.J. Liu, I. Ohnuma, R. Kainuma, and K. Ishida: J. Phase
Equilibrium, 2002, vol. 23 (3), pp. 236-45.
20. L. Ratke and S. Diefenbach: Mater. Sci. Eng., 1995, vol. R15,
pp. 263-347.
21. F. Sommer: Z. Metallkd., 1996, vol. 87 (11), pp. 865-73.
22. M.B. Robinson, D. Li, T.J. Rathz, and G. Williams: J. Mater. Sci.,
1999, vol. 34, pp. 3747-53.
23. C.J. Smithells and E.A. Brandes: in Metals Reference Book, 5th ed.,
Butterworth and Co., London, 1976, pp. 940-50.
24. F. Cverna: Thermal Properties of Metals, ASM INTERNATIONAL,
Materials Park, OH, 2002, pp. 337-42.
25. K.C. Mills, B.J. Monaghan, and B.J. Keene: Int. Mater. Rev. 1996,
vol. 41 (6), pp. 209-42.
26. R. Becker: Ann. Phys. (Leipzig), 1938, vol. 32, pp. 128-40.
27. T. Nishizawa, I. Ohnuma, and K. Ishida: J. Phase Equilibrium, 2001,
vol. 22, pp. 269-75.
28. J.M. Howe: Interfaces in Materials, John Wiley & Sons, Inc., New
York, NY, 1997, pp. 47-60.
29. T. Iida and R.I.L. Guthrie: Physical Properties of Liquid Metals,
Clarendon Press, Oxford, United Kingdom, 1988.
30. S. Seetharaman and S. Du: Metall. Mater. Trans. B, 1994, vol. 25B,
pp. 589-95.
31. I.U. Grigull: Die Grundgesetze der Wärmeübertragung, Springer-
Verlag, New York, NY, 1961, pp. 41-58.
METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 35A, APRIL 2004—1253
∂
05-03-75A-1.qxd  3/12/04  4:05 PM  Page 1253
